1. Introduction {#s1}
===============

Human locomotion is a complex task, which requires a multisensory integration, and a variety of motor and cognitive controls. Many studies (Grasso et al., [@B16], [@B17]; Patla and Vickers, [@B38]; Hollands et al., [@B22]; Hicheur and Berthoz, [@B19]; Hicheur et al., [@B20]; Bernardin et al., [@B6]) have highlighted the important role of head direction and gaze (i.e., the direction of optic axis in space) in guiding, controlling, and anticipating locomotor trajectory. Visual perception during locomotion helps avoiding perturbations and preparing motor adjustments (see Higuchi, [@B21] for a review). Pozzo et al. ([@B41]) have shown that the head is stabilized in rotation in the vertical sagittal plane and suggested that this stabilization helps visual perception and allows a matching of visual and vestibular information, relevant to motor control, space perception and updating. They interpreted that the stabilization of the head creates an inertial guidance platform serving as a mobile reference frame for the coordination of the multiple body segments during locomotion. In the same study, they also showed that the plane of stabilization was controlled by the gaze and then proposed that the gaze was used as a part of the reference frame. Gaze is also known to anticipate during arm reaching (Paillard, [@B37]; Jeannerod, [@B24]; Flanders et al., [@B14]), grasping and objects manipulations (Johansson et al., [@B25]). Anticipatory behavior by gaze and head has also been observed in other human movements (Land and Lee, [@B28]; Land et al., [@B29]; Hollands et al., [@B22]; Wilkie and Wann, [@B56]; Marigold and Patla, [@B32]).

During locomotion, gaze exhibits a manifold of functional behavior, as for instance, fixations of several types. Patla and Vickers ([@B39]) proposed to distinguish "travel fixations," where the gaze tends to stay parallel to a fixed direction in space, and "point fixations," in which gaze rotates in space to remain fixed on focalized locations in the environment. There is also a diversity of saccadic eye movements: normal, express, micros, catch-up saccades and series of hypometric saccades. In addition, the human visual system has the ability to use visual pursuit in order to follow a slowly moving target in the environment. Moreover, during locomotion, a functional nystagmus occurs (Solomon and Cohen, [@B47],[@B48] for monkeys; Grasso et al., [@B17]; Imai et al., [@B23] for humans). This nystagmus comprises a succession of alternating quick and slow phases of the eye. The slow phases stabilize gaze in space or stabilize the visual scene.

The nystagmus was extensively studied in laboratory, without resorting to participants\' self-motion (e.g., Niemann et al., [@B36]; Kaminiarz et al., [@B27]). When visual stimuli are flowing or when the subject is rotating, a nystagmus occurs. Its quick phases are known to allow for a redirection of the gaze toward the appearing visual scene. This phenomenon has not yet been studied in locomotion.

Recently, the anticipation of locomotor trajectory by gaze and head direction has been precisely quantified in tasks of path reproduction, with complex trajectories including changes of direction and curvature (Kadone et al., [@B26]; Bernardin et al., [@B6]). The authors reported a systematic behavior: the direction of gaze anticipates the direction of the head, which itself anticipates the trunk, the feet and the direction of the trajectory. However, head rotations have proven neither necessary nor sufficient to steering control (Cinelli and Warren, [@B8]). But in natural conditions, along curved trajectories, spontaneous anticipatory rotations of the head are nevertheless observed.

A large part of visuo-motor coordination, involved in the perception and control of self motion, can be explained on the basis of information extracted from the optic flow (*cf*. Authié and Mestre, [@B1]). In particular, gaze and head anticipations observed in humans while moving could take part in the extraction of an optimal set of information in the optic flow field (Authié and Mestre, [@B2]). Moreover, head anticipation could assist the global gaze orientation toward visual goals (Reed-Jones et al., [@B42]; Mestre and Authié, [@B35]); see also (Shepherd, [@B45]) for a discussion of gaze-following behaviors in humans and other animals.

However, Grasso et al. ([@B17]) reported the persistence of anticipatory movements of the head and gaze during locomotion around a corner without vision. Later, Courtine and Schieppati ([@B9b]) reported head anticipation during locomotion without vision on longer trajectories with constant curvature. These results proved that gaze and head anticipation do not depend only on visual cues. Grasso et al. ([@B17]) proposed that this behavior corresponds to a feed-forward navigation control system to anticipate motor events. In addition, Berthoz ([@B7]) suggested the possibility that gaze movement is used in a mental simulation of the locomotor path. This hypothesis is supported by (*i*) the ability to memorize and trace, while being blindfolded, circular trajectories (Takei et al., [@B50]) or triangular paths (Glasauer et al., [@B15]), and (*ii*) the fact that human subjects walking backwards on circular paths orient head and gaze in such a way that the opposite vectors anticipate the body motion (Grasso et al., [@B16], [@B17]; Courtine and Schieppati, [@B9] for the head).

Importantly, Solomon and Cohen ([@B47]) established that monkeys walking on circular trajectories in the dark exhibit head and eye nystagmi, with quick phases in the direction of running. The authors compared this nystagmus with the corresponding behavior in the light. They showed that this nystagmus is not produced by passive rotation. They came to the conclusion that there was an innate pattern of eye-head coordination supporting gaze compensation during locomotion, and attributed this pattern to a velocity storage mechanism in the vestibular system. However, while their data show that in this coordination pattern, gaze is always in advance with respect to the head direction, that is itself in advance with respect to the heading displacement, this critical point is not at all discussed in the article.

This anticipatory behavior in monkey raise multiple questions. Is anticipation of human subjects maintained without vision? What is the function of this anticipation? Is it related to trajectory planning? To answer these questions, we need to compare gaze and head behaviors of humans during free locomotion on complex paths with curvature changes, in the dark and in the light. In the present experiment, participants had to walk along memorized trajectories.

Our first prediction was that gaze and head anticipation of the locomotor trajectory persist in the dark, even in this more complex context. This prediction was based on the assumption that, in addition to visual functions, the gaze anticipation has at least three other functions: a motor anticipation (Grasso et al., [@B17]),a mental simulation of the trajectory (Berthoz, [@B7]; Vieilledent et al., [@B53]),an active process based on vestibular and proprioceptive information, contributing to spatial perception during self motion (*cf*. Reuschel et al., [@B43]).

And these three functions should remain active in total darkness.

Our second prediction was that the gaze anticipation may have different properties in the light and in the dark. This prediction was based on several reasons: (a) the mechanisms in the dark and in the light rely on different sensory inputs; (b) some functions of gaze and head are specific to vision, such as the maximization of visual information, visual attention, and optic flow stabilization, while some are specific to an absence of vision, such as the maximization of vestibular and proprioceptive information and velocity storage; some others are common to both conditions, such as motor planning, trajectory simulation and spatial perception. One might as well-conjecture that all these functions are reflected by different kinematic characteristics of gaze and head movements. For instance, fixation and pursuit would be reflected in a smooth component of gaze kinematic and saccadic explorations by a discrete component.

Therefore, we conjectured that the main difference between dark and light observations shall be a different type of gaze anticipation to be determined more specifically, but with a preservation of the nystagmus, with similar amplitude and frequency.

2. Materials and methods {#s2}
========================

2.1. Participants
-----------------

The participants were all members of the LPPA Laboratory, and not informed of the purpose of the experiment. Overall 12 persons participated in the experiment. Two amongst them were withdrawn from the pool of participants, for not respecting experimental instructions. We were then left with 4 female and 6 male participants \[μ(age) = 30, σ = 5.2\]. All participants had a normal vision or corrected to normal by contact lenses. No participant reported any present or past trouble regarding their motor or perceptive skills. The participants signed an informed consent form (AFSSAPS: 2009-A00739-48/CPP: 58-09) approved by the ethical committee in accordance with the standards established by the Declaration of Helsinki.

2.2. Recording apparatus
------------------------

Motion capture of the whole body kinematics has been realized through a VICON system (VICON Motion Systems Inc., Los Angeles, 13 cameras, 120 Hz). Participants wore a tight black suit allowing to stick the VICON markers as close to the participant\'s body as needed. The 43 markers were placed according to the "Plug-in Gait" model of the VICON system (VICON, V-1.7). To approximate the position of the head, four additional markers were located over the right and left temples on the back and at the front of the head. The positions of the markers were recorded, reconstructed, and labeled using VICON iQ software.

The recording of eye movements has been performed thanks to a head-mounted video eye-tracker (Mocaplab, Paris, 50 Hz). The camera was located under the participant\'s right eye, but not obscuring a too important part of the participant\'s field of vision (Figure [1A](#F1){ref-type="fig"}). The camera output was transmitted to a VAIO P computer (mass: 600 g), tied on the back of the participant.

![**Apparatus, trajectories, and definition of coordinates and studied body segments**. **(A)** Left: the eye-tracker camera used in the experiment. Right: the fabric screen used to prevent any source of light during the experiment. **(B)** Two trajectories were shown and required to be followed by the participants: a limaçon (left) and an elongated eight-like shape (right). **(C)** Chosen reference frames (gray): laboratory (*R*~*L*~), head (*R*~*H*~) and trajectory (*R*~*Tr*~). The considered segments are: gaze (blue), head (gray dotted line), shoulders (green), torso (yellow), pelvis (orange). **(D)** Direction of the various segments in the horizontal plane, with respect to the trajectory and its tangent. **(E)** Definition of the studied eye movements (visual axis, blue), in azimuth and yaw.](fnhum-09-00312-g0001){#F1}

2.3. Calibration
----------------

Before each trial, several calibrations must be performed to insure a good definition of the room space and of the participants\' movements for both the eye-tracker and motion capture system. To determine the center of rotation of each eye with respect to the head markers, we asked the participants to visually align two VICON markers fixed on a stick with each eye (separately) and to keep rotating their head at the same time. In order to calibrate the whole system (eye-tracker and motion capture), we used a 145 cm wide and 100 cm high elliptic calibration grid, composed of 25 visual targets. It was placed in front of the participant while sitting on a chair at a distance that allowed full view of the grid without moving the head. The participant had to look at each target, in order to match the pupil position recorded by the eye-tracker and the position of the displayed targets from the orbit position. To check the eye-tracker headband stability on the head during the trials, this calibration was performed at the beginning and at the end of each experiment.

Additionally, the participants fixated one extra target on the floor at the beginning and at the end of each trial, to check eye-tracker positioning and calibration quality.

Temporal synchronization of eye-tracker and VICON signals were performed offline. Before each recording, a clap board was activated. A set of VICON markers were fixed to it, and its closing triggered a LED at the top of the eye-tracker camera. The triggering signal was therefore simultaneously received by both systems.

2.4. Task
---------

The main task was to walk at normal pace along two predefined trajectories: an eight-like elongated shape and a limaçon (Figure [1B](#F1){ref-type="fig"}). These trajectories were chosen so that behavioral changes could be studied, in relation with trajectory characteristics: direction change (eight shape) and variations of curvature (limaçon). The two trajectories were shown to the participants on a sheet of paper; then an example was given in the testing room by the experimenter before the beginning of the first trial. The participants received the instructions to reproduce the trajectory announced at the beginning of the trial, as naturally as possible and at a preferred speed, the important parameter being the shape of the trajectory to follow, without necessarily coming back to the initial position.

The participants were expected to reproduce the two trajectories under two different visual conditions: in light and in darkness. In order to avoid any source of light in the darkness condition, a fabric screen, opaque to light, had been fixed to the eye-tracker, allowing to put the participant into full obscurity easily and without moving the eye-tracker (Figure [1A](#F1){ref-type="fig"}). This screen weighted 84 g and was not in contact with the participant\'s face or the eye-tracker.

Once equipped, the participant practiced walking in the dark during a dedicated accommodation phase. The eye-tracker was not yet tied to the participant\'s head, so as to minimize the inconvenience for the participant. During the training, the participants were asked to follow a rectangular trajectory of about the dimension of the recording area, first in light, and at the speed of their convenience. This was done again afterwards without vision (fabric screen on, lights off). The accommodation phase lasted between 2 and 5 min, and stopped when the participant was able to walk at normal gait in the dark, while staying in the VICON recording area. The trajectory followed during the training phase was different from the one followed during the experiment.

The experimental sessions were divided into eight trials in darkness (four along each type of trajectory), and eight trials in light. To prevent the eye-tracker to slide around on the head by manipulating the fabric screen, we grouped the in-light trials together and likewise for the darkness trials. The experimental conditions were shuffled via a randomized order of the trajectories within a group of conditions (light/darkness), as well as randomized order of the condition groups (five participants started in darkness and five in light). Trials during which a participant went out of the capture area were started over. This happened mainly during darkness trials and on average three times per participant.

2.5. Experimenters and environment
----------------------------------

To avoid the participants\' attention to be diverted, most massive objects were put along walls and covered with black sheets. The two experimenters were sitting in the left corner of the testing room during free-sight trials (always at the same spot for all trials and all participants); during darkness trials, one experimenter was standing on the right and the other on the left, in case the participant came too close to a wall.

2.6. Data analysis
------------------

Data analysis has been performed with Matlab^©^ (Mathworks, Natick, US-MA). Statistical analyzes have been carried out with Matlab^©^ and Statistica^©^ (StatSoft, Tulsa, US-OK).

We defined the beginning and the end of the trajectories with a speed threshold and a number-of-steps criterion: if the pelvis speed was less than 0.1 m/s, the participant was considered stopped; if the detected trial comprised less than five steps, it was rejected. The detected start and stop times have been further checked manually.

2.7. Reference coordinate systems
---------------------------------

In order to analyze participants\' movements in space, as well as the relative movements of the most relevant body parts, six coordinate bases have been defined (Figures [1C,E](#F1){ref-type="fig"}): The reference frame of the laboratory. The unitary vector *X*~*L*~ is parallel to the width of the experimental room, the unitary vector *Y*~*L*~ is parallel to the depth of the room, and the unitary vector *Z*~*L*~ is oriented upwards, perpendicularly to the floor.A mobile reference frame attached to the head and with an origin at the isobarycenter of the markers situated on the participant\'s head. The direction of the unitary vector *X*~*H*~ is determined by the calibration (target fixation) as the line passing by the central target on the grid and the center of the head. The unitary vector *Z*~*H*~ is collinear to the gravity direction during the calibration phase and the unitary vector *Y*~*H*~, pointing to the left of the participant\'s head is defined as the vectorial product of *X*~*H*~ and *Z*~*H*~.

2.8. Most relevant parameters
-----------------------------

The main directions of interest in this study are gaze, head direction and trajectory tangent (shoulder and torso directions were also considered, see Supplementary Results). For instance, the pelvis segment is represented by the vector originating from the isobarycenter of the four pelvis markers, and collinear to the line passing through the two right pelvis markers.

The head segment is represented by the *O*~*X*~ axis of the head reference system (Figure [1C](#F1){ref-type="fig"}).

With a sampling frequency of 120 Hz, computing speeds is relatively straightforward and a low-pass butterworth filtering with a cut-off frequency of 10 Hz allows to get rid of most of the noise due to the recording system (Bernardin et al., [@B6]).

In this article, the participant\'s trajectory will be reduced to the displacement of the isobarycenter of the pelvis (Bernardin et al., [@B6]). To compute the curvature of the participant\'s trajectory, we lowered the frequency cut-off down to 1 Hz in order to cancel the contribution of pace oscillations (Hicheur and Berthoz, [@B19]).

The instantaneous speed *v* of the participants has been defined by the pelvis isobarycenter speed. The trajectory curvature *c* has been defined as the instantaneous curvature of the pelvis trajectory, projected onto the ground plane. If (*x*, *y*) are the pelvis trajectory coordinates in the horizontal plane at instant *t*, the curvature is given by the following expression:

c

=

x

′

y

″

−

y

′

x

″

(

x

′

2

\+

y

′

2

)

3

/

2

However, the reference direction in the horizontal plane for measuring angular anticipation, in time or in space, was chosen to be the direction of the pelvis, and not the tangent to the trajectory of the pelvis. We justified this choice by the higher stability of this direction when compared to the tangent, i.e., the angle of the tangent oscillates around the pelvis direction which has less oscillations in its variations. The results supporting this choice are detailed in the Appendix Supplementary Methods (Supplementary Figure [1](#SM1){ref-type="supplementary-material"}).

2.9. Time shift and cross correlations
--------------------------------------

In order to examine the relative time shift of each body segment, we computed cross correlations of their horizontal orientation in space.

2.10. Decomposing the horizontal angle of gaze
----------------------------------------------

We decided to analyze the position of gaze in the laboratory and above all to distinguish horizontal variations from vertical ones (Figure [1D](#F1){ref-type="fig"}). This distinction is based *a priori* on the assumption of a specific function of horizontal control (perpendicular to gravity).

2.11. Quick and slow phases detection
-------------------------------------

Before each gaze analysis, the phases corresponding to blinks were automatically excluded. Quick phases have been detected thanks to a method inspired by Van der Steen and Bruno ([@B52]). First, experimental data points were identified as candidates if the following three criteria were fulfilled: a threshold speed of 30°/s; a minimal amplitude of one degree and an acceleration peak higher than 700°/s^2^. Beginnings and ends of the quick phases were then identified thanks to an algorithm maximizing the bi-dimensional distance between beginning and end of the quick phase. Each quick phase onset and offset were then manually checked to eventually correct the automatic algorithm. This process led to a loss of 8% of quick phases automatically detected. Only quick phases with the same direction as the heading, and separated by "slow phases," were considered. Slow phases lasting more than a second which are extremely rare, were not analyzed (*cf*. Authié and Mestre, [@B1]).

2.12. Quick phase detection
---------------------------

At 50 Hz, the signal is not accurate enough to distinguish, based on the quick phase kinematics, a voluntary saccade from a nystagmus quick phase. The only detectable saccades are reverse-saccades, corresponding to quick eye movements in the opposite direction to the direction of displacement. The detection of reverse-saccades has been performed by considering the direction of variation of the quick jump slope as a function of the sign of the trajectory curvature. This detection was based on the horizontal angle of gaze in space.

2.13. Statistical analysis
--------------------------

When the conditions of usage have been checked (homogeneity of variances and normal distribution), analyzes of variance (Anova) with repeated measures have been performed in order to assess the effect of the trial (1--4), the visual condition (light, darkness), the trajectory type (limaçon, eight), and the considered body segment. A threshold of *p* \< 0.05 has been considered significant. Newman-Keuls tests have been used for the *post-hoc* analysis whenever necessary. For non-normally distributed variables, Wilcoxon tests with Bonferroni corrections for multiple comparisons have been performed.

3. Results {#s3}
==========

3.1. Trajectory execution and kinematics
----------------------------------------

All the participants correctly performed the required trajectories, respecting all dimensions relevant to our study (i.e., importance of the global trajectory but no necessary precise looping to the starting point), for all trials. The darkness condition has been a little more difficult to realize though: the trajectories followed in darkness were obviously not as close to the ideal trajectory (shown on the sheet of paper) as the trajectories followed in light (Figure [2](#F2){ref-type="fig"}).

![**Typical trajectories followed by participants**. Trajectory of the pelvis of participant n°1 in the ground plane, for different experimental conditions \[**(A)** eight shape in light, **(B)** eight shape in darkness, **(C)** limaçon in light, **(D)** limaçon in darkness\]. The four trials are presented (in order of realization: red, green, blue, black).](fnhum-09-00312-g0002){#F2}

The instantaneous speed of the pelvis has been calculated for each trial of each participant. A Three-Ways repeated measures ANOVA \[visual condition (2) × trajectory (2) × trials (4)\] revealed a simple effect of the visual condition \[*F*~(1,\ 9)~ = 54.12, *p* \< 0.001, η^2^*p* = 0.85\]. On average, the participants\' speed is lower in darkness (0.67±0.10 m/s) than in light (0.80±0.14 m/s). Participants were also slower in the eight shape (0.76±0.11 m/s) than in the limaçon \[0.71± 0.13 m/s, *F*~(1,\ 9)~ = 49.34, *p* \< 0.001, η^2^*p* = 0.84\] and slightly increased their locomotion speed between the first (0.70± 0.12 m/s) and the next three consecutive trials \[0.74± 0.10 m/s, *F*~(3,\ 27)~ = 8.89, *p* \< 0.001, η^2^*p* = 0.49\].

3.2. Spatial anticipation of gaze and head compared to the trajectory
---------------------------------------------------------------------

In both visual conditions, gaze has the most eccentric orientation, followed by the head, and then pelvis (Figure [3](#F3){ref-type="fig"}). We therefore confirmed the existence of gaze anticipation over the head direction which itself anticipates the trajectory direction. Moreover, the head precedes shoulders and torso, while shoulders and torso orientations are compatible (see Appendix Supplementary Results and Supplementary Figure [2](#SM1){ref-type="supplementary-material"}).

![**Angle of gaze (blue), head (gray), torso (yellow) and pelvis (orange) while walking on an elongated eight shape (top) and a limaçon (bottom) for the same participant**. The left and right figures correspond to light and darkness conditions, respectively. Blowups (X5) are shown as well.](fnhum-09-00312-g0003){#F3}

3.3. Comparison of the anticipation properties
----------------------------------------------

In order to compare the spatial anticipation in darkness and in the light, we computed for each trial the mean angles of the horizontal components of the segments (i.e., directions) of gaze and head with respect to the horizontal angle of the pelvis (see Appendix Supplementary Results for shoulder and torso). When this angle is positive, the considered segment is oriented toward the center of the curvature.

A Four-Way ANOVA \[segment (2) × visual condition (2) × trajectory (2) × trials (4)\] revealed an effect of the visual condition \[*F*~(1,\ 9)~ = 31.68, *p* \< 0.01, η^2^*p* = 0.78, Figure [4A](#F4){ref-type="fig"}\]. The spatial anticipation of the different segments is larger in light (21.16±6.18°) than in darkness (10.17±4.75°). The gaze (20.1±5.52°) is anticipating more than the head \[11.23±4.18°, *F*~(1,\ 9)~ = 63.8, *p* \< 0.01, η^2^*p* = 0.88\]. The interaction between visual condition and segment factors is also significant \[*F*~(1,\ 9)~ = 126.43, *p* \< 0.01, η^2^*p* = 0.93\]. *A posteriori* comparison indicated that gaze and head anticipations were significantly smaller in darkness (gaze: 12.67±6.05°; head: 7.67±3.79°) than in light (gaze: 27.53±6.91°; head: 14.79±6.02°). Both parameters are almost halved in the dark.

![**Spatial and temporal anticipation of the body segments**. **(A,B)** Averaged anticipations in both visual conditions are represented (left: in light, right: in darkness). All differences are statistically significant (significance threshold: *p* \< 0.05). The vertical bars represent the between-participant standard deviation. **(A)** Spatial anticipation of gaze (blue) and head (gray) with respect to the tangent to the pelvis orientation. **(B)** Time shift of the different body segments with respect to the pelvis movement. **(C,D)** Average spatial anticipation **(C)** and time shift **(D)** of the body segments for each participant. Each color corresponds to one participant.](fnhum-09-00312-g0004){#F4}

These results, i.e., less anticipation in darkness, anticipation of gaze over head, itself anticipating the trajectory (and the other body segments), are observable for all the participants (Figure [4C](#F4){ref-type="fig"}).

To determine the evolution of movement in the horizontal plane of the body segments, cross correlations have been calculated with respect to the pelvis horizontal angle (Bernardin et al., [@B6]). A Four-Way, repeated measures ANOVA has been performed on the lags from the cross correlations. The temporal anticipation (lag) of all segment is less important in light than in darkness \[*F*~(1,\ 9)~ = 33.45, *p* \< 0.001, η^2^*p* = 0.79\]. A simple effect \[*F*~(3,\ 27)~ = 74.32, *p* \< 0.001, η^2^*p* = 0.89\] of the considered segments is also observed. Gaze is the most anticipating segment compared to the pelvis (400±50 ms), followed by the head (200±10 ms). *A posteriori* comparisons show a significant difference between gaze and head.

An interaction between segments and visual conditions is also noticed \[*F*~(3,\ 27)~ = 35.32, *p* \< 0.01, η^2^*p* = 0.79, Figures [4B,D](#F4){ref-type="fig"}\]. The anticipation of gaze and head is greater is light (gaze: 557.25±160 ms; head: 264.25±134 ms) than in darkness (gaze: 268.5 ±152 ms; head: 129 ± 88 ms). *A posteriori* comparisons highlight a significant difference between gaze and head segments across the visual conditions.

3.4. Independency of anticipation from walking speed and trajectory curvature
-----------------------------------------------------------------------------

The characteristics of gaze and pelvis coordination (e.g., the magnitude of anticipation in space) could *a priori* vary according to both the walking speed and the curvature of the trajectories, as both factors could differ between light and darkness. Therefore, we analyzed to what extent the differences described between visual conditions can be explained by these variables before interpreting the statistical results. This analysis (presented in details in Appendix Supplementary Results) speaks in favor of an independency of the anticipation to the curvature and speed in our data. Therefore, the observed differences of anticipation are only due to the visual condition.

3.5. Head and gaze elevation
----------------------------

Previous analyses focused on anticipations in the horizontal plane. However, head and gaze orientations were also modified in elevation (pitch). A Four-Way ANOVA revealed that the average head elevation was not different between trials \[*F*~(3,\ 27)~ = 1.04, *p* = 0.39\] or between trajectories \[*F*~(1,\ 9)~ = 0.29, *p* = 0.49\]. However, the head was more tilted downwards in light than in darkness \[*F*~(1,\ 9)~ = 13.17, *p* = 0.005, η^2^*p* = 0.59, see Figure [5A](#F5){ref-type="fig"}\]. The elevation of the eye in the orbit was similarly influenced by experimental conditions. Neither trial \[*F*~(3,\ 27)~ = 0.19, *p* = 0.89\] nor trajectory \[*F*~(1,\ 9)~ = 0.03, *p* = 0.87\] factors significantly affected the eye elevation, whereas the effect of the visual condition comes out clearly \[*F*~(1,\ 9)~ = 17.36, *p* = 0.002, η^2^*p* = 0.66, see Figure [5B](#F5){ref-type="fig"}\], meaning that the eye was more tilted downwards in light than in darkness.

![**Elevation of the eye and the head**. Average elevations of the head **(A)** and of the eye in the head **(B)** depending on the visual condition. Negative values indicate a downward orientation (below horizon for the head and below primary eye position for the eye). Large head and eye elevations lead to a shorter distance between gaze/floor intersection and the projection onto the ground of the right orbit \[i.e., gaze distance, **(C)**, **(D)**\].](fnhum-09-00312-g0005){#F5}

The combined downward elevations of head in space and eye in head lead to a larger distance between the participant\'s position and its gaze projection onto the ground (gaze distance) in darkness condition as compared to the light condition \[*F*~(1,\ 9)~ = 11.38, *p* = 0.008, η^2^*p* = 0.56, Figure [5C](#F5){ref-type="fig"}\]. Gaze distance also significantly decreased between the first and the last trial \[*F*~(3,\ 27)~ = 3.30, *p* = 0.035, η^2^*p* = 0.27, Newman-Keuls *p* \< 0.05\]. The analysis revealed an interaction between trial and visual condition factors \[*F*~(3,\ 27)~ = 3.17, *p* = 0.04, η^2^*p* = 0.26, Figure [5D](#F5){ref-type="fig"}\], indicating that gaze distance was significantly larger in the first trial as compared to all others in darkness.

3.6. Analyzing the nystagmus
----------------------------

### 3.6.1. Existence of nystagmus

Besides the analysis of the average gaze and head behaviors with respect to the pelvis trajectory, we observed the expected nystagmus in both visual conditions (Figure [6](#F6){ref-type="fig"}).

![**Rotations of the eye in the orbit of one participant walking along the limaçon in light (left) and in darkness (right)**. The upper part of the figure corresponds to horizontal movements and the lower part to vertical movements.](fnhum-09-00312-g0006){#F6}

In order to pinpoint the functional aspect of anticipation, more advanced studies of ocular movements have been performed: (*i*) functional distinction and characterization of every movement observed (quick phases and reverse-saccades), (*ii*) gaze and visual stability (gain) during slow phases for the different nystagmi.

### 3.6.2. Slow and quick phases basic characteristics

Slightly more quick phases are detected in darkness (2.23±0.42 Hz) than in light \[1.89±0.44 Hz, *F*~(1,\ 9)~ = 43.55, *p* \< 0.01\]. The same feature is observed for slow phases \[light: 2.11±0.46 Hz, darkness: 1.75±0.50 Hz, *F*~(1,\ 9)~ = 39.87, *p* \< 0.01\].

The visual condition impacts neither the amplitude nor the duration of the phases, whatever the trajectory is. Note that 85% of the quick phases have an amplitude lower than 14° (Figure [7](#F7){ref-type="fig"}), whatever the trajectory or visual condition is.

![**Cumulative distribution of eye quick phases amplitude**. 85% of the quick phases have an amplitude lower than 14°. We did not observe any change in amplitude between visual conditions.](fnhum-09-00312-g0007){#F7}

### 3.6.3. Slow phases are more stable in the laboratory frame

In order to characterize the stability of the gaze during slow phases, we compared its horizontal rotational speed between an allocentric reference frame (Laboratory) and an egocentric reference frame (Head). The ANOVA analysis of angular speed during SP shows that the horizontal gaze speed in the allocentric reference frame is lower than the eye speed in the egocentric reference frame \[*F*~(1,\ 9)~ = 49.63, *p* = 5.86×10^−5^, η^2^*p* = 0.85; in Lab.: 12.06±4.11°/s, in Head: 30.26±8.47°/s\]. There is no effect of the visual condition \[*F*~(1,\ 9)~ = 0.47, *p* = 0.51\].

However, the SP speed is lower along the limaçon (16.28±7.38°/s) than along the eight shape \[26.03±4.46°/s, *F*~(1,\ 9)~ = 19.66, *p* = 0.002, η^2^*p* = 0.68\].

### 3.6.4. Position of the eye in the head at beginning and end of the quick phases

We previously showed that gaze direction anticipated the head direction. To determine whether it is always the case during the entire slow phase, we analyzed the position of the eye with respect to the head at the beginning and the end of the quick phases (Figure [8](#F8){ref-type="fig"}).

![**Distributions of the eye position with respect to the head at the beginning (A) and at the end (B) of quick phases**. The gray spectrum represent data taken in light and the black spectrum the data in darkness. The dashed vertical lines indicate the median of the distributions.](fnhum-09-00312-g0008){#F8}

In darkness, the eye is nearly at the center of the orbit at the beginning of the quick phases (median = 1.61±5.93°), while it is off-centered in light (median = 10.23±10.01°, Wilcoxon *p* \< 0.001). Similarly, the median position of the eye at the end of the phase is closer to the center of the orbit in darkness (median = 9.19±9.04°) than in light, where it is off-centered (median = 17.34±13.01°, Wilcoxon *p* \< 0.001).

These results mean that in both visual conditions, gaze anticipates the head direction during the whole nystagmus. A notable difference is that quick phases are elicited when the eye is in its primary position in darkness, and when it is in advance with respect to the head in light.

3.7. Reverse-saccades
---------------------

We also performed an analysis of reverse-saccades, that mostly anticipate the inflection point of the elongated eight trajectory. The quick phases being always directed toward the heading direction, the reverse-saccades consequently correspond to quick phase eye movements in the opposite direction to the direction of displacement. Overall all conditions, 592 reverse-saccades have been counted (11.62% of the 5093 quick phases). The number of reverse-saccades per participant and trial (3.70±2.35) does not depend on the visual \[*F*~(1,\ 9)~ = 1.45, *p* = 0.26\] or the trajectory conditions \[*F*~(1,\ 9)~ = 3.96, *p* = 0.08\].

In order to determine the nature of these reverse-saccades, we focused our analysis on their occurrence both as a function of the progression on the trial (limaçon and eight shapes) and the time onset from an inversion in the curvature sign (only for eight shapes, see Figure [9](#F9){ref-type="fig"}). For eight shapes, a majority of reverse-saccades are elicited in the last 2 s before the curvature sign inversion (62.43% and 79.49% in the 2 s before inversion, to be compared to 9.94% and 5.13% in the 2 s after inversion, for darkness and light conditions, respectively). Moreover, if we only consider reverse-saccades out of this 2 s period before inversion, 59.89% (darkness) and 70.04% (light) of the remaining reverse-saccades were elicited in the last 10% of the trial. For limaçon shapes, 23.49% (darkness) and 39.13% (light) of the reverse-saccades were elicited in the last 10% of the trial.

![**Characteristics of reverse-saccades occurrence**. The reverse-saccade occurrence depends on different parameters for **(A)** elongated eight and **(B)** limaçon shapes. **(A)** Distributions of reverse-saccades as a function of the time onset from one of the two curvature sign inversion present in the extended height shape (black and gray for darkness and light conditions, respectively). A large proportion of reverse-saccades are elicited in a period of 2 s before the curvature sign inversion. Stars (^\*^) indicate the bins with a significant difference (i.e., with a value higher than the statistical error $\sqrt{N}$). **(B)** Distribution of reverse-saccades occurrence as a function of the evolution of participant\'s progression on the overall limaçon shape. **(C)** The quick phases (without reverse-saccades) distribution as a function of the participant progression on the trajectory is also presented, for darkness (black) and light (gray) conditions. On the limaçon, a large proportion of reverse-saccades are elicited in the last 10% of the trajectory (39.13% and 23.49% of the reverse-saccades in light and darkness conditions, respectively). Stars (^\*^) indicate the bins with a significant difference.](fnhum-09-00312-g0009){#F9}

3.8. Horizontal gains of the nystagmi slow phases
-------------------------------------------------

In order to characterize the nature of the slow phases and better understand their function, we defined two measures of their possible gain in the horizontal plane. The first definition is "fixation gain," measuring the tendency of gaze to stay aligned with a location on the ground, and the second definition is "parallel gain," aiming at assessing the stability of gaze parallel direction in the horizontal plane (see Figure [10](#F10){ref-type="fig"}, bottom).

![**Gains in space of nystagmi slow phases**. Two different gains were considered, both in the horizontal plane: a "fixation" gain corresponding to the tendency of gaze during a slow phase to stay aligned with a location on the ground (left part of the figure), and a "parallel" gain assessing the stability of gaze direction in the horizontal plane (right part of the figure). Both gains were computed from a ratio between the real gaze direction (β~*r*~, from the head direction) and a predicted gaze direction (β~*p*~, from the head direction). The prediction could either be to consider gaze directed toward a point on the ground determined from the previous experimental gaze direction (bottom left) or to consider a gaze parallel to its previous direction (bottom right). A close-to-one gain means that the predicted and real angles were close to each other, as a gain larger than one means that the real angle is wider than the predicted angle. These gains were computed for limaçon (top) and elongated eight (middle) shapes, and separately in darkness (black) and in light (gray). Green and red segments represent gaze direction at the beginning and at the end of a slow phase, respectively.](fnhum-09-00312-g0010){#F10}

To compute these gains, we considered, at two successive moments *t*~1~ and *t*~2~ of a single slow phase, the two following horizontal angles: the angle β~*r*~ (*r* for real) between the gaze direction at *t*~2~ (continuous red line) and the head direction at the same moment (dashed black line), and the angle β~*p*~ (*p* for predictive) between the head direction and the direction that gaze would have at *t*~2~ if it was either directed toward the same target than the gaze at *t*~1~ (fixation case, Figure [10](#F10){ref-type="fig"}, bottom left), or if it was parallel to the gaze at *t*~1~ (parallel case, Figure [10](#F10){ref-type="fig"}, bottom right), respectively. The gain μ was computed every two frames (i.e., at 25 Hz) and then averaged over for each slow phase, as follows:
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We found that the medians of both gains are close to one. However, the distributions of both gains for all trajectories are more spread out in darkness than in light (all Levenne *p* \< 0.001; σ = 0.43 and σ = 0.25 in darkness and light, respectively).

Another interesting result is that in light, *fixation gains* are slightly but significantly closer to unity (medians 1.0059 for limaçon and 1.0139 for elongated eight) than *parallel gains* (both Wilcoxon *p* \< 0.01; medians 1.0466 for limaçon and 1.0569 for elongated eight). This indicates that in light, the horizontal angle in space during slow phases of nystagmus tends to increase (because *parallel gain* is \> 1) and globally stabilizes gaze direction around a focalized location on the ground plane. In darkness, no significant difference is observed between both kinds of gain (Wilcoxon *p* \> 0.05). However, 65% of the parallel gains distribution is above unity, meaning that the horizontal gaze angle progresses in space during slow phases also in darkness more than it regresses.

The variability of gains in the dark is higher than in the light.

3.9. Other attempts to determine the nature of anticipating behaviors in the dark
---------------------------------------------------------------------------------

To try to further characterize the difference of gaze (and head) anticipations across the two lighting conditions, we conjectured that the anticipation in the dark was a residual of the well-known anticipation in light. It thus could be the result of two different mechanisms: the residual gaze anticipation in darkness would either correspond to the subtraction of an angular shift present in light, both for the gaze and for the head; or it would match a weakening of anticipation and should be better modeled by a division of the anticipatory angles by a certain coefficient.

The results are shown in the Appendix Supplementary Results. For the gaze anticipation, the performance of the two models is almost identical, while for the head the score of the divisive model is a little better than for the subtractive model. However, the two models seem overall comparable. Thus, we concluded both models can explain the data, and were not able to discriminate between the two.

4. Discussion {#s4}
=============

4.1. Anticipation of the locomotor trajectory by gaze and head is maintained without vision
-------------------------------------------------------------------------------------------

Our results confirmed that during human free locomotion on curved paths, the horizontal component of gaze anticipates the horizontal component of head direction which itself anticipates the trajectory orientation. This holds both in the light and in total darkness. Thus, we confirmed that the hypothesis of a visual function is not sufficient to explain gaze and head anticipations during locomotion.

This article is the first to report this behavior in the dark for humans along imagined complex trajectories with varying curvature; it was known before for human locomotion in the dark around a 90° corner with obstacle (a 50 cm high and wide box, Grasso et al. [@B17]) and for trained monkeys locomotion on a circular path (Solomon and Cohen, [@B47],[@B48]). It was also known for human locomotion on complex path in the light (Bernardin et al., [@B6]).

Concerning the head, Courtine and Schieppati ([@B9]) reported anticipation in the dark, without obstacle on circular trajectories, but in their experiment the lights-off condition followed the lights-on condition, which can be considered as a kind of learning; moreover (Courtine and Schieppati, [@B9]) made no analysis of gaze movements. With respect to Grasso et al. ([@B17]), the novelty of our experiment consists in the greater complexity of the trajectory, with curvature variation, and the absence of obstacle, either seen or memorized. For instance, the head and gaze movements reported in Grasso et al. ([@B17]) could have been due to the attention directed toward the obstacle in the corner. In Grasso et al. ([@B17]), eyes were closed, and eye movements were recorded by electrooculography. In our experiment, we used a more precise technology (i.e., better spatial resolution, reduced drift and 2D eye-tracking), eyes were open, and eye movements were recorded by a head-mounted video eye-tracker (50 Hz). Moreover, we considered a sufficiently large number of subjects, trials and conditions to allow for a rigorous statistical analysis. In contrast with (Solomon and Cohen, [@B47],[@B48]), our subjects were humans, our trajectories were less constrained and comprised curvature changes, allowing to test that both head and gaze anticipate the variations of curvature. Moreover, some characteristics of the anticipation that we observed in humans and for complex curves are not similar to the ones that Solomon and Cohen observed for monkeys on learned circular paths.

One property of gaze is particularly remarkable and was never reported before: during a locomotor trajectory that turns continuously to the same side, i.e., without inflection point, the horizontal component of gaze is purely monotonic in a fixed room frame, which means that it is always either increasing or decreasing. This horizontal component therefore predicts the trajectory orientation without redundancy. This remains true even without vision and in spite of the presence of nystagmus (see Figures [3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}).

4.2. Comparing anticipations in light or darkness
-------------------------------------------------

The most notable difference we observed is a reduction of horizontal gaze and head anticipation by a half in darkness. In other words, though remaining in absence of vision, anticipation is increased by vision. Indeed, head and gaze anticipations are diminished in the dark, both in space (angular amplitude) and time (measured as the time shift). This observation is compatible with the results of Courtine and Schieppati ([@B9]) who also observed less changes in heading in the dark as compared to a free-vision situation.

The most notable similarity between the observed anticipation in the light and in the dark, is the existence of a clear horizontal eye nystagmus (alternation of quick and slow phases of the eye direction with respect to the head), with many key characteristics in common across the two vision conditions. This is a highly non-trivial result, because it may seem, at first sight, in contradiction with the diminution of the anticipation in the dark. This new result could be used to deduce new insight in the fundamental process of locomotion planning by gaze.

Though the nystagmus frequency may be slightly higher without vision, the mean amplitude of the quick and slow phases of the eye nystagmus are similar in both conditions. Yet, the standard deviation of the quick phases distributions is smaller in the dark (9.04°) than in plain light (13.01°). The eye quick phase amplitude and duration were not affected by the trajectory condition either \[85% of quick phases amplitudes fall under 14°, as commonly observed by Bahill et al. ([@B4])\].

However, an important difference between light and dark conditions appears at the beginning and at the end of the quick phases of the nystagmus. Without vision, the quick phases start when aligned with the head direction (i.e., whereto the nose is pointing) and stop likewise, while with vision we measure an offset angle which shifts the gaze out and in advance over the head. We interpret this observation as the existence, in the lights-on condition, of a "residual angular anticipatory shift" which is not present when tested in the dark.

These two results---a lesser anticipation by gaze and head in the dark, and the existence of a residual gaze shift in light---are new.

In both vision conditions, the velocity of the slow phases of the nystagmus was positive, thus we cannot confirm here the exact definition of travel fixations (Patla and Vickers, [@B39]). When computing the gains under the assumption of local fixations or of a parallel gaze, we found in both cases a rather good gain in light (close to 1) and a larger gain (\>1) in darkness. Without visual information, gaze is drifting away, as if it was caught by intermediary---though invisible---cues in space, as confirmed by the smaller gaze elevation without vision. In contrast, in the vision condition, the gaze direction in slow phases is consistent with a visual stabilization onto a fixed target on the ground and with a stabilization of the local optical flow (Lappe et al., [@B30]; Authié and Mestre, [@B1]) using optokinetic and pursuit mechanisms.

One can also note that the horizontal gains are more dispersed (deviated from the mean) in the dark. This may be simply due to the absence of visual information in the dark, but this can also be explained by a functional difference, or in other words, by a horizontal gaze drift in the dark. And as for the vertical drift, it could provide some information about the position and assist the simulation of the forthcoming trajectory.

These observation tend to confirm the hypotheses that we exposed in the introduction.

4.3. Predictive nystagmus during locomotion
-------------------------------------------

It had been already noted (Solomon and Cohen, [@B48]; Grasso et al., [@B17]) that walking elicits an eye nystagmus (in humans and primates, notably) and that the quick phases of this nystagmus drag gaze toward the inner edge of the bend in a curved trajectory (see also Authié and Mestre, [@B1]; Lappi et al., [@B31]; in driving tasks). However, no previous work had precisely described this function of nystagmus during walking in humans.

Solomon and Cohen ([@B47],[@B48]) were the first to describe quantitatively the eye and head nystagmus during locomotion, in light and darkness, for one rhesus and one cynomolgus monkey. However, they spoke of "compensatory gaze nystagmus" and do not noticed the fact that this nystagmus supports the prediction by the gaze of the future body orientation. As mentioned in the introduction, an examination of their recordings of eye and head movements confirms this predictive character. The nystagmus frequency that they measured is comparable to ours, and about 2 Hz. But major differences distinguish their observations on monkeys from our observations on humans: the nystagmus has a higher frequency in light for monkeys, where the contrary holds for humans; larger amplitudes of quick phases appear in darkness for monkeys without notable difference in speed, which is opposite to what we found for humans.

The physiology of quick phase eye movements is known to be flexible and modular (McCrea et al., [@B33]), in particular in a natural situation, adapted to vestibular and/or optokinetic signals. Our results argue in favor of the existence of a single anticipatory and stabilizing mechanism present with and without vision, even if it mixes several sources in various proportions. However, this common mechanism presents distinct characteristics with or without vision, which seems to indicate diverging functions.

4.4. The differences of gaze anticipation between light and dark conditions could be due to the ground of beating field shift which appears with vision
-------------------------------------------------------------------------------------------------------------------------------------------------------

Let us define the *beating field* (BF) of nystagmus as the angular range of the eye with respect to the nose orientation during a quick phase, between its beginning and its end (Meier and Dieringer, [@B34]; Siegler et al., [@B46]). The variation of the upper bound of the BF during the nystagmus is named the *shift* of BF. If the BF amplitude is constant over the nystagmus, this shift is also the variation of the lower bound of BF.

We observed that both head and gaze have a constant residual precession angle in the curved direction. This implies the existence of a global shift of BF when going from darkness to light.

Our results indicate that this global shift could explain all main differences between gaze anticipation in the light and in the dark.

First we argued that the variability in the trajectory execution (curvature and speed) in the dark is not responsible for the reduction of the anticipation. Then we assumed that the difference of anticipation might either be a mere subtraction of the residual horizontal angles of gaze in space with respect to the trajectory orientation, or that the anticipation was only weakened in darkness. We found out that either model would be sufficient to explain most of the differences in the eye movements between the two conditions, and that the "divisive" model would perform slightly better to report the differences in head movements with respect to the trajectory. The fact that the eyes come back to the sagittal plane in the dark and that the nystagmus kinematics are unchanged might be in favor of the "subtractive" model for the eyes, even if a moderately higher frequency of the nystagmus in the dark could be evidence of its vestibular origin (McCrea et al., [@B33]).

Therefore, we suggest that the main differences between the two conditions originate from one factor, that is a shift of the BF of the eye and the head in the direction of trajectory curvature in light.

4.5. What is the role of gaze and head anticipation?
----------------------------------------------------

Anticipation of locomotion by gaze and head assists the brain in several tasks: (1) exploit visual information, for instance through fixations, pursuit, and optic flow stabilization; (2) exploit non-visual information, such as vestibular and proprioceptive stimuli, perhaps modulated by the oculomotor activity; (3) combine both sources of information with the help of cognitive mechanisms, as imagination or mental simulation, in order to optimize future motion and space perception.

The specific trace of visual information flow is the permanent ground of shift of the BF, giving a residual anticipation of gaze with respect to the head, and of the head with respect to the trajectory. The specific trace of an online motor predictive control is the laps of time between gaze and body orientation, between 100 ms and 300 ms, which is compatible with self-motion preparation and reaction.

The exact way in which the brain integrates the anticipative gaze signals to subserve this motor function has to be further precised, but we could suggest that gaze an head anticipation help stabilizing the brain sensors, visual, vestibular and proprioceptive ones, and according them together, provides the best conditions for extracting dynamical invariants of self-motion, controlling equilibrium, and constructing coherent spatio-temporal perception.

Based on what precedes, we suggest that a fundamental function of gaze is to represent self motion and to stabilize the perception of space during locomotion, regardless of the vision condition. Another compatible and important function of gaze is to simulate the future trajectory.

Reed-Jones et al. ([@B42]) demonstrated the importance of the orientation of the eyes in a direction change by constraining eye movements. They show that the postural anticipatory behavior disappears when entering the bend whenever gaze is constrained.

Cinelli and Warren ([@B8]) studied the effects of different intentions and constraints on the head anticipation in rotations. They established that anticipatory movements of the head are neither necessary nor sufficient to initiate a change of direction in human locomotion, when a visual locomotor goal is present. However, our present research show that, under nearly natural conditions, even in the dark, human subjects spontaneously anticipate the trajectory with their gaze. It is likely that the absence of coupling between gaze and head anticipation and steering control observed by Cinelli and Warren ([@B8]) was due to the resort to another steering mechanism or a higher level of attention. We could have varied the mode of presentation of the trajectory (with normal vision) and measure the potential disturbances of the kinematics of locomotor trajectories (e.g., minimum variance, minimum jerk, trajectory geometry). As a second step, it would be interesting to compare these results with the disturbances obtained without vision and without head and eye movements. Are these disturbances more important when vision is denied? Even so, we do not state that the anticipation of the eyes and head is a necessary condition to locomotion. Steering does not require gaze anticipation (Cinelli and Warren, [@B8]), as it is possible to walk toward a target without staring at it. But when participants reproduce a trajectory, without a visible locomotor goal, this anticipation is spontaneously present. We support the hypothesis that this spontaneous behavior reflects several functional components of gaze: representing self motion, stabilizing the perception of space during locomotion, and simulating the future trajectory, regardless of the vision condition. However, we cannot exclude the hypothesis that other strategies, as target-heading angle strategy (Fajen and Warren, [@B13]) could be used to control steering during locomotion. This question deserves further investigations in future studies.

4.6. Gaze behavior during changes of trajectory curvature: "reversal of saccades"
---------------------------------------------------------------------------------

Aside the standard anticipation of gaze and head that results from nystagmus and fixations, we observed saccades, that we could interpret as anticipation of new segments in the future trajectory, apparently more cognitive than online motor anticipation: just before an inflection point of the trajectory the gaze tends to point in the direction of the future curvature, which generates a saccadic movement of gaze in the reverse direction, named a *reverse-saccade*. Our results prove that these reverse-saccades have the same statistical properties for the two visual conditions.

From this we suggest that the prospective function, to imagine the future part of the global trajectory, is not meant to gather purely visual information, but also contributes to an internal preparation of the motor execution or to the mental simulation of the future trajectory.

We observed that 10% of the eye quick phases were reverse-saccades. These reverse-saccades are comparable across visual conditions (begins −2 s in light and −1.5 s in darkness) and support gaze anticipation. These gaze shifts could reflect the trajectory segmentation in the short-term planning process, as previously described in hand movement segmentation around an inflection point of the trajectory (Viviani and Terzuolo, [@B54]). Indeed, inflections in the trajectory have a stereotypical velocity profile (Bennequin et al., [@B5]) that can be reflected in special gaze behavior.

We suggest that the sudden reversal of the gaze could also be due to the well-known fact that the neural centers, such as the superior colliculus and the frontal eye fields, involved in the generation of rapid eye movements (saccades, quick phases of nystagmus) are lateralized (Yoshida et al., [@B57]; Green and Angelaki, [@B18]; Wei and Angelaki, [@B55]). Therefore, when the curvature of the trajectory changes sign, i.e., at inflection points, the control switches from one generator to the other.

4.7. Remarks on the neural basis of gaze anticipation
-----------------------------------------------------

The control of gaze movements by the brain, in humans as in other vertebrates, is based on fundamental subcortical networks, in the brainstem, pontine nuclei, tectum or colliculus, and optic tracts, modulated by the activity of several cerebellar nuclei and vermis subdivisions. It also involves a large cortical network, with frontal, cingulate, parietal, and temporal components (Cf. Pierrot-deseilligny et al., [@B40] for a review). These interacting networks produce eye and head movements that optimize stability in visual and vestibular perceptions, together with motor control. These eye movements combine saccades, pursuit, vergence and VOR, with optokinetic nystagmus (OKN) and vestibular nystagmus reflex (VNR, Cf. Solomon and Cohen, [@B47],[@B48]). During locomotion, in light and in darkness, we observed that the quick phases of nystagmus happen before the eyes come back in the sagittal plane, allowing gaze anticipation. For the two sorts of nystagmi, it was already observed in several conditions (unrelated to locomotion), that the quick phase is shifted during the nystagmus sequence to anticipate the movement of the head (cf. Meier and Dieringer, [@B34]; Siegler et al., [@B46]), the above mentioned phenomenon named "the beating field shift" (BFS). Several attempts were made to identify the neural bases of BFS, looking specifically at frontal or parietal eye field lesions, without much success (Bähring et al., [@B3]; Rivaud et al., [@B44]; Dieterich et al., [@B11], [@B12]). In darkness, we observed that the quick phase was elicited when the eye came back in the sagittal plane. The precise control of this behavior could be achieved by the known networks, because it is known that eye movement control is lateralized. For instance in the brainstem, there is a subsystem generating quick phases to the right and another one generating quick phases to the left (Cf. Yoshida et al., [@B57]; Green and Angelaki, [@B18]; Wei and Angelaki, [@B55]). Moreover, in the parieto-frontal system, Vallar et al. ([@B51]) have identified a representation of the sagittal plane of the body, which could provide the angle-related triggering information of the quick phase. There is also a fundamental bilateral symmetry in the cross inhibition of superior colliculus, which is the principal subcortical structure involved in orienting movements.

4.8. Evolution could have selected and adapted the nystagmus for locomotion
---------------------------------------------------------------------------

As underlined by many specialists, eye movements should be studied under ecological conditions (*cf*. Steinman, [@B49]). We argue that the nystagmus mechanisms can be studied under artificial conditions, while the nystagmus function cannot. Likewise, saccades functions can only be deduced from natural situations. For instance, in natural situations saccades are made by eyes and head together. The reverse saccades we observed could be part of motion representation and planning. Similarly, the nystagmus is known as a dynamic process compensating for the optic flow and for the movements of the head and eyes during locomotion or other natural movements. However, the characteristics of nystagmus that we observed with or without vision, indicate a common function for the nystagmus, whatever it is, vestibular or optokinetic, related to motor control or space perception or trajectory simulation, in proportions to be precised.

We finally suggest that the function of nystagmus dedicated to locomotion is very ancient and can have oriented the selection of nystagmus mechanisms during evolution.

5. Conclusion {#s5}
=============

To sum up, the whole set of our results demonstrates that gaze has a predictive function on the future displacement, regardless of the visual condition. This function is fulfilled in great part by a form of eye nystagmus, maybe of vestibular and proprioceptive origins in darkness, and mixing optokinetic, pursuit, and vestibular sources in light. The eyes nystagmus persists in darkness with the same amplitude of quick phases and almost the same frequency, and the main difference between light and dark conditions is the existence of a permanent background shift of BF toward the curvature of the trajectory in the light.

Gaze anticipation could take part in a modulation of the vestibular and proprioceptive input signals, possibly depending on the efferent copy of motor commands. This predictive function of gaze could serve many purposes: controlling the stability of motion, modulating the sensorimotor inputs, contributing to spatial updating and "mental simulation" of the future movement. Furthermore, gaze could belong to an anticipative frame that maintains and prepares space perception.
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